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CHAPTER I

INTRODUCTION

Background

Energy has become one of the most important issues of the world

today. In the past, cheap, abundant energy supplies, particularly elec-

trical energy, have supported the industrial, commercial, and residential

needs of the world. However, recent escalation in electrical energy prices,

the predicted depletion of oil supplies, and environmental difficulties

in using coal as a source of energy for electricity have changed the focus

on electrical energy within the utility industry.

Utilities companies have had to change from proponents of the

growth of use of electricity to leaders in the conservation of electricity.

Historically, in an effort to promote the growth of electricity, large

consumers of electricity were billed on a declining block rate structure.

The declining block rate structure priced increasing blocks of power con-

sumption at decreasing prices. Now, utility companies are proponents of

electrical energy conservation, as indicated by programs such as infrared

photography of residences and low interest loans for insulation of customers'

homes. The pricing policies for electricity have also been changed to

encourage conservation by the large industrial and commercial customers.

On November 9, 1978, President Carter signed into law the Public

Utility Regulatory Policies Act (PURPA) of 1978. "The objectives of this

Act are: (1) to encourage users to conserve electricity and gas,
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(2) to promote the efficient use of facilities and resources (capital and

nonrenewable resources) by utilities; and (3) to establish equitable rates

for consumers C9:5]." The rate reforms proposed by PURPA are intended to

reduce demand, change consumption patterns, and revise the allocation of

costs for utilities. Carter administration officials cited the following

problems, which they believed rate reforms would alleviate:

Highly uneven expansion in response to anticipated demands
for electricity had led to an increase in plant capacity to meet
peak demands. This results in under-utilized capacity at othertimes.

Generating equipment designed specifically for peak loadsis relatively inefficient and usually burns scarce, higher priced

oil or natural gas. Also, such equipment is operated for only
very short periods of time, and capital costs must be amortized
over that limited time. As a result, electricity generated during
peak hours is more costly than electricity generated during off-
peak hours.

Since utility rates are generally not time differentiated, off-
peak users are subsidizing on-peak users [9:5-6J.

The PURPA of 1978 rejected mandatory changes in electric utility

retail rates structures called for by the Carter administration, but

includes in Title I of PURPA the premise that rate reforms could help

solve some problems confronting the utilities and their consumers (9:6).

PURPA requires state utility commissions to consider adoption

of specified rate reforms and changes in associated practices in order

to meet one or more of the Act's objectives.

The Public Utility Regulatory Policies Act requires each state

regulatory authority to consider at least once, for each utility for

which it has ratemaking authority, the following by November 1981:

1. Cost of service pricing: Rates should be designed to reflect
the costs of providing service to different customers or classes of
customers. For instance, high volume peak-period users might be
required to pay a higher rate because their demand increases both

2



capital and operating costs. In order to ascertain the appropriate-
ness of this standard, the special rules detailed in the Act leave
the method to be used for determining cost-of-service to different
classes of customers to the discretion of the states. However, the
method utilized must permit identification of differences in costs
for various classes of customers according to time of day or season.
In addition, in prescribing the method to be used, the state autho-
rity must take into account the extent to which total cost to an
electric utility is likely to change if: (a) additional capacity
were added to meet peak demand relative to base demand, and (b) add-
itional kilowatt-hours of electricity were delivered to consumers.

2. Declining block rates: Rate structures which price increasing
blocks of power consumption at decreasing rates are commonly known as
declining block rates. These rates are to be abolished unless a
utility can demonstrate that the cost of providing service to a
particular class of customers decreases as consumption increases.

3. Time-of-use rates: Rates which reflect the costs of providing
electricity to each class of consumer at different times of the day
are to be adopted, unless the practice is not cost effective. "Cost
effectiveness" is defined by the legislation to mean that long-run
benefits of such rates to the utility and the class of consumers
affected are likely to exceed the metering costs and other costs
associated with the use of such rates.

4. Seasonal rates: These rates reflected the cost of providing
service during different seasons. For instance, In some regions
summer is a peak period due to air conditioning requirements.

S. Interruptible rates: These rates are discount rates for
consumers who are willing to have their service interrupted during
peak hours.

6. Load management techniques: This refers to the use of devices
which store electricity during off-peak hours for use during peak
hours. Such techniques must be cost effective, as defined by the
legislation; that is, (a) they must be likely to reduce maximum
kilowatt demand on the utility; and (b) cost-savings must be likely
to exceed long-run costs of implementation £25:6-7].

This thesis will deal with the specific case where time-of-use

rates have been implemented by a utility company. Before making a state-

ment of the problem which will be addressed, a typical summertime elec-

trical demand pattern will be described, the structure of electrical utility

rates and time-of-use rates will be explained, and the progress of imple-

menting time-of-use rate schedules will be discussed.

3
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Electrical Demand Pattern

When attempting to conserve a resource it is important to have a

means to identify consumption patterns and measure progress in conservation

efforts. An electrical demand graph provides consumption data for elec-

trical energy consumers. An electrical demand graph shows how many kilo-

watts of electrical energy are being used by an individual or group of

utility company customers. The ideal situation for the utility company

would be for the graph to be a straight horizontal line depicting a con-

stant demand throughout the day. If such a situation existed the utility

company could size its generating capacity exactly to the demand and there

would be a reduced need for reserve capacity to meet unexpected or temporary

electrical loads. With steady demands, equipment utilization rates would

be higher and the economics of electrical generation would be improved (1:1).

Actual electrical demand graphs are characterized by a wavering

line with daily peaks and valleys. For example, the electrical demand on

the bell substation for McClellan AFB, CA, for the week August 13-19, 1979,

is shown in Figure 1. McClellan AFB is an Air Force Logistics Command Base

which performs large-scale maintenance on Air Force Aircraft. The graph

in Figure 1 shows the peak load occurring in the early afternoon. The peak

load is composed of electrical loads from maintenance shops and comfort air

conditioning. Days 18 and 19 show weekend loads when the processing shops

are not operating but peaks still occur due to air conditioning loads. The

interruption in the graph on day 13 was due to a "blackout" at McClellan AFB.

4
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Utility Rate Structure

The amount of electricity consumed and size of daily peaks recorded

by a utility company and depicted on the electrical demand graph determine

a customer's electric bill. An electric bill for a commercial or industrial

customer is composed of demand and energy charges. Demand charge is the

portion of the electric bill based on a customer's billing demand and is

expressed as cost per kilowatt (kw). Billing demand is the maximum measured

peak demand during a specif1v period of a month, or if the utility rate

schedule includes a "ratchet cOuse," a percentage of the maximum billing

demand established during ary of the consecutive eleven preceding months(25:8).

The demand portion of the electric bill is determined by multiplying the

demand charge by billing demand. For instance, Company A's utility rate

schedule states billing demand will be either the maximum 30-minute

measured peak demand during the month or 50 percent of the billing demand

established during the previous eleven months, whichever is greater. For

example, the January 1981 electric bill for Company A contains the following:

Demand Charge

$3.70

Maximum 30-minute demand

3000 kw

Company A had a 30-minute demand during August 1980 of 7000 kw,

therefore:

Demand Charge - 3.70 X (max of 3000 or .50(7000) )

a 3.70 X 3500

- $12,950.

6
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Energy charge is the portion of the customer's electric bill based

on electricity consumed, measured in kilowatt hours (kwh). The utility

company determines the energy cost by taking a monthly meter reading and

multiplying the reading by the energy charge. The demand charge and energy

charge are combined to arrive at a customer's total electric bill (25:2-8).

For instance, Company A's January 1981 electric bill contains the following:

Energy Charge

$0.04

Kilowatt-Hours consumed

600,000 kwh

Energy Charge = 0.04 X 600,000

- $24,000

Total Electric Bill - Demand Charge + Energy Charge

- $12,950 + $24,000

- $36,950

Time-of-use rate schedules differ from typical utility rate sche-

dules in the determination of the energy charge. Under a time-of-use rate

schedule, a day is broken up into two periods, on-peak and off-peak. The

on-peak period is the time of day with relatively high electrical demands,

as specified by the utility supplier, typically mid-morning to early evening.

The off-peak period is the time of day with relatively low electrical demands,

typically early evening to mid-morning. Energy charges are set for each of

the periods with the off-peak rate a small fraction of the on-peak rate.

Time-of-use rate schedules require that customers have an additional meter

installed to distinguish on-peak from off-peak electrical consumption.

7
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For instance, Company B's January 1981 electric bill contains the

following:

Energy Charge

On-Peak (9:00 A.M. to 7:00 P.M.)

$0.04

Off-Peak (7:00 P.M. to 9:00 A.M.)

$0.007

Kilowatt-Hours consumed

On-Peak

400,000 kwh

Off-Peak

200,000 kwh

Energy Charge = (0.04 X 400,000) + (0.007 X 200,000)

= $17,400

The typical or standard rate schedule as well as time-of-use rate

schedules may incorporate seasonal rates. With seasonal rates different

demand and energy charges are set for different periods of the year. Sea-

sonal rates are an attempt to pass on the higher costs implicit in seasonal

loads, particularly air conditioning (9:25).

Progress of Implementing Time-of-Use Rates

Ten years ago there would have been little relevance in discussing

time-of-use rate structures, but today such a discussion is becoming very

relevant. Wisconsin Public Service Commission, in 1974, was the first to

order time-of-use rates for large commercial and industrial electricity

customers (9:17). Since then, commissions in New York, California, Michigan,

8



Illinois, and Ohio have made similar moves. The first mandatory imple-

mentation program for residential users also occurred in Wisconsin. As of

July, 1978, time-of-use rates have been filed, ordered into effect, or

placed under consideration in twenty-two states, put into effect on an

experimental basis in fourteen states, and put into effect in twenty-four

states (9:17-18). Most initial time-of-use rate programs are small, exp-

erimental, and voluntary, but Dr. Malko of the Electric Power Research

Institute reports that mandated programs continue to be implemented at

what appears to be an accelerating rate (1:17).

The progress toward implementing time-of-use rates has been slowed

primarily by debate over whether to use marginal cost or accounting cost

methodologies to design the rate structures (13:130-131). The October,

1980, issue of Electrical World reports that this debate may be settled

by action of the Economic Regulatory Administration (ERA).

In the September 4, 1980 issue of the Federal Register, ERA
published a notice of a proposed voluntary guideline for a cost-
of-service standard under the Public Utility Regulatory Policies
Act of 1978 (PURPA) as it relates to section III (d) (1). In
proposing the rule, DOE says, "it is DOE's conclusion that section
115 (a) requires, in effect, that marginal cost be taken into
account in the course of considering the cost-of-service standard"[13:130].

Joe Crespo, president of Ebasco Business Consulting Co., adds that

the significance of settling the debate over whether to use marginal cost

or accounting cost was to get people off dead center and to start looking

seriously at time-of-use alternatives. In the October, 1980 issue of Elec-

trical World, Joe Crespo stated that:

He doesn't question for a minute that five-years from now the
Industry will see wider use and acceptance of time-of-use rates [13:131].

9



Statement of Problem

Electricity encompasses a significant portion of the energy con-

sumed for USAF installation operations. In fiscal year 1980, electricity

accounted for 103.6 trillion BTU or 55.8 percent of installation energy.

Cost of electricity for installation operations in fiscal year 1980 was

$331.9 million (2:113-114). The implementation of time-of-use utility

rates will provide an opportunity to save millions of these dollars. The

problem for Air Force managers will be to determine which processes can be

economically shifted to off-peak periods.

One component of installation energy is electricity required for

air conditioning. Air conditioning loads occur primarily during summer

daylight periods. The problem then becomes meeting daytime (on-peak)

electrical air conditioning needs with nighttime (off-peak) electricity.

When air conditioning is provided by a water-chiller, the chilled-water

may be produced in off-peak periods and stored until needed. Before a

decision is made to construct and operate an air conditioning water-storage

system, it must first be determined if such a system is economical.

Research Objecti yes

The objective of this research is, first, to describe current methods

for storing chilled-water for air conditioning applications, and second, to

determine whether the process of producing chilled-water during off-peak

periods to meet comfort air conditioning needs is economical when time-of-

use utility rates are in effect.

10
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Research Questions

The approach used to meet the research objectives of this thesis

was to develop and answer the following research questions:

1. What are current methods for storing chilled-water for

air conditioning applications?

2. Will the financial advantages of off-peak utility rates

offset the added capital expenditures incurred by a chilled-water air

conditioning system with off-peaK storage?

11



CHAPTER II

METHODOLOGY

Introduction

The purpose of this chapter is to describe the methodology used

in answering the research questions proposed in Chapter I.

Data Sources

The method used by the researchers to determine current ways for

storing chilled-water for air conditioning applications was to conduct a

literature search. Initially, Trane and Carrier Air Conditioning Manuals

and the ASHRAE Systems Handbook and product Directory were reviewed. The

only reference to chilled-water storage was found in the Trane Air Con-

ditioning Manual, which described a storage tank system manufactured by the

Dole Refrigeration Company (23:219-220). A search of scientific and tech-

nical magazines published since 1979 provided better results. Artic* on

chilled-water storage were found in the ASHRAE Journal, Popular Science,

Electrical World, Engineering News and Record, and Heating/Piping/Air

Conditioning magazines. Finally, two newsletters on chilled-water storage,

cost information on various sizes of chillers, and major and minor overhaul

costs for the respective chillers, were obtained from a personal interview

with a Trane Air Conditioning representative (15).

12
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To determine if the financial advantages of off-peak utility rates

would off set the added capital expenditures incurred by a chilled-water

air conditioning system with off-peak storage, the researchers conducted

a comparative economic study. The comparative study consists of an

economic analysis completed on air conditioning systems with and without

chilled-water storage. The technique that was used to gather electrical

consumption data for the economic analysis is computer simulation.

Simulation is defined as a methodology for conducting experiments

using a model of a real system (5:475). The researchers used the Building

Loads Analysis and System Thermodynamics (BLAST) program, which is a com-

prehensive set of subprograms for predicting energy consumption in

buildings, as the model (16:111). BLAST is correctly being used by the

Air Force to perform building energy audits as part of the Air Force Energy

Conservation Investment Program, thus the program was available for use by

the researchers. BLAST is provided to Air Force users under contract with

Control Data Corporation, Minneapolis, Mrinesota.

The real system in the simulation consisted of two buildings in

Area B of Wright Patterson AFB, Ohio. The economics of chilled-water

storage may be sensitive to building size; therefore, selecting two buildings

of different size partially investigated this possibility. Table 1 lists

information on the two buildings selected as the real system for the simu-

lation.
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TABLE 1

REAL SYSTEM

Building No Building Area Building Category Chiller/Type/Size
(Square Feet) Description

20040 21543 Dispensary Reciprocating
Occ. Health Air-Cooled/50 Ton

20050 52298 Aircraft Reciprocating
Reasearch Engineering Air-Cooled/120 Ton

Buildings 20040 and 20050 are similar in construction, occupancy

schedule, and internal cooling loads. Building 20040 is a single-story

U-shaped building with a partial basement. The size of the basement is

approximately fifty percent of the first story floor space. Wall con-

struction is exterior stucco, two layers of concrete blocks, and gypsum

board, and windows are single pane glass. Building 20040 is a medical dis-

pensary occupied from 0730 to 1630. Internal cooling loads are composed

mainly of office equipment and electrical lighting.

Building 20050 is a two-story T-shaped building with a partial

basement. The size of the basement is approximately seventy-five percent

of the first story floor space. Wall construction is face brick, concrete

block, R-14 fiber-glass insulation, and gypsum board, and windows are double

pane glass. Building 20050 consists of administrative offices occupied

from 0730 to 1630. Interior cooling loads are composed mainly of office

equipment and electrical lighting.
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The air conditioning systems in both buildings are single unit

reciprocating air-cooled chillers. This type of system is commonly used

in meeting air conditioning needs of small to medium sized general purpose

buildings in the Air Force. A brief description of air conditioning systems

is presented in Chapter III.

The BLAST program contains three major subprograms: the Space

Load Predicting Subprogram, the Air Distribution System Simulation Sub-

program, and the Central Plant Simulation Subprogram.

1. The Space Load Predicting Subprogram computes hourly
space loads in a building or a zone based on user input and
weather data.

2. The Air Distribution System Simulation Subprogram uses
the computed space loads, weather data, and user inputs describing
the building air-handling system to calculate hot weather, steam,
gas, chilled water and electric demands.

3. The Central Plant Simulation Subprogram uses the computed
space loads, weather data, results of air distribution system
simulation, and user input describing the central plant to simulate
boilers, chillers, onsite power generating equipment, and solar
energy systems, and computes monthly and annual fuel and elec-
trical power consumption [16:13.

Computer input files were created for buildings 20040 and 20050

containing the information needed to run the BLAST simulations. The BLAST

input files for Building 20040 and 20050 are contained in Appendix A and B,

respectively. The information needed for the input files was obtained from

building blueprints, site visits to both buildings, and interviews with

the building plant managers.

The Central Plant Simulation Subprogram was created with three

options, a base case and two alternatives. The base case represented the

chiller operating to meet cooling loads as they occurred. The first alter-

native represents the chiller operating only during off-peak periods with

15



sufficient storage capacity to meet the entire next-day cooling load.

The second alternative represents a smaller sized chiller operating

when cooling loads occur. The chiller is supplemented by chilled water

stored by the chiller in off-peak hours.

The economic analysis of the air conditioning options was per-

formed using guidelines in Life-Cycle Costing Manual for the Energy

Management Programs. Energy costs for the analysis were determined using

the electrical consumption data from the BLAST simulations and a time-of-

use electrical rate schedule provided by Dayton Power and Light. Chilled-

water storage tank investment costs were based on cost data obtained in

the literature review accomplished for Research Question One. Chiller

investment and maintenance costs were obtained from the Trane Air Conditioning

Company. A comparison of the air conditioning options was made based on the

total life cycle cost of each option.

Limitations and Assumptions

An objective of this thesis is to determine whether the process of

producing chilled water during off-peak periods for air conditioning appli-

cations is economical. The economics were examined by applying time-of-

use electrical rates to electric energy consumption data. For this reason,

absorption chillers were not examined because they are most often powered by -+

steam (17:58).

The economic analysis does not include periodic maintenance costs

on the storage tanks due mainly to a lack of information on such costs.
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One of the advantages of producing chilled water in off-peak

hours is that air conditioning equipment operating in cooler outside air

temperatures operates more efficiently and requires less power (11:64).

Commercial air conditioning equipment can be either air-cooled or water-

cooled. The simulations were performed on air cooled equipment only;

therefore, it was not determined if an efficiency advantage exists in one

- or the other methods of cooling in lower temperature.

Air conditioning chillers produce chilled water at 450F, which is

pumped to air-handling equipment in the conditioned space where the water

absorbs heat. The water returns to the chillers at 550F. The ability of

chilled water to absorb heat from the conditioned space is reduced as the

chilled water temperature rises (23:214). Chilled-water storage tanks,

therefore, must be able to maintain the chilled water close to the temp-

erature of the water leaving the chiller for the air conditioning systems

to operate efficiently. The BLAST program assumes there is no temperature

rise in the storage tanks. In Appendix E, calculations were performed to

determine the amount of temperature rise in the simulated storage tanks.

The chilled-water storage tanks are assumed to be concrete cylindrical

tanks with a wall insulation value of R-20. The maximum temperature rise

for water entering a storage tank at 440F and stored for twelve hours was

O.060F. This is a loss of less than 1 percent of the cooling capacity of

the water assuming a 10OF temperature rise.

17
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CHAPTER III

PRINCIPLES OF CHILLED-WATER REFRIGERATION
AND CHILLED-WATER STORAGE

Introduction

The purpose of this chapter is to examine the principles of chilled-

water refrigeration and describe how chilled-water storage tanks are incorp-

orated into a chilled-water system. The major components of a chiller

refrigeration system will be described and the most commonly used types

of components compared.

Principles of Chilled-Water Refrigeration

The key feature of an electric powered chiller which distinguishes

it from other types of refrigeration is electric chillers circulate a

secondary cooling medium to the refrigerated space, rather than circulating

conditioned air. The major components of a chiller system are the cooling

medium, refrigerant, compressor, condenser, evaporator, and control devices.

Cooling Medium

The cooling medium used in a chiller can be water, a glycol mixture,

or brine. The type of cooling medium used is based on the temperature of

the chilled liquid required for the specific refrigeration-application.

About 90 percent of chillers used in industry provide water-based liquids

for central station air conditioning systems; therefore, discussion of chillers

will be limited to water type equipment (17:58).
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Circulating water as a cooling medium requires less building

space for the air conditioning system and is less expensive to operate,

compared to circulating conditioned air. Because the specific heat and

density of water at standard pressure (1.0 BTU/lb-FO and 62.32 lb/ft3)

is greater than air at standard pressure (0.24 BTU/lb-OF and 0.075 lb/ft3),

the cross-sectional area required for water distribution pipes is markedly

less than that required for air system ductwork to accomplish the same

cooling task. Consequently, less building space is needed for the cooling

distribution systems (4:4.1). Operating costs of water distribution

systems are less because pumping horsepower necessary to circulate water

throughout a building is usually significantly less than fan horsepower

to circulate air (4:4.4).

Chilled-water is pumped to air handling equipment located in the

conditioned airspace. The chilled-water is circulated through cooling

coils in the air handler and room air is blown over the coils to extract

heat. Typically, chilled-water systems are designed to provide chilled-

water at 450F to the air handlers and for the water to return from air

handlers at 550F (17:58).

Refri gerant

The components of a chiller and flow pattern of liquid refrigerant

between the components are shown in Figure 2. The most commonly used

refrigerants are Refrigerant-1i, Refrigerant-12, and Refrigerant-22,

which are fluorinated hydrocarbons derived from hydrocarbons and contain

chlorine and fluorine. Refrigerants are noncorrosive, nonflammable, non-

toxic, and nonexplosive (25:130). "The science of refrigeration is based

19



upon the fact that a liquid can be vaporized at any desired temperature by

changing the pressure above it E23:1283." Under atmospheric pressure,

refrigerant-12 has a boiling temperature of -210 F, and refrigerant-22 has

a boiling temperature of -41°F (23:428-429). Increasing pressure on the

refrigerant causes it to remain in a liquid state until a higher temperature

is reached. In the chiller, refrigerant vapor flows into the compressor

and is compressed, increasing the pressure and temperature of the vapor.

The hot, high pressure refrigerant vapor enters the condenser where heat

is rejected. As the temperature of the pressurized refrigerant drops

below its saturation temperature, it condenses. The refrigerant moves

through an expansion device where the pressure and temperature are lowered.

The refrigerant then enters the evaporator. At the lower pressure, the

refrigerant boils, absorbing heat from chilled-water flowing through

the evaporator (17:58).

Compressor

Electrical powered water-chillers are classified according to type

of compressor used, either reciprocating, centrifugal, or screw. Size of

chillers is measured in terms of tons of refrigerant, one ton of refrigeration

being the capacity to absorb 12,000 BTU's of heat in one hour. Reciprocating

chillers are available in sizes up to 200 tons, screw machines are used

between 50 and 750 tons, and centrifugal chillers encompass a broad range

between 75 and 5000 tons (17:58).

-Reciprocating compressors are positive-displacement machines

with crankshaft-powered pistons working in cylinders, equipped with suction

and discharge valves much like an automobile internal combustion engine (17:59).

20
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-Centrifugal compressors are variable-volume displacement

machines with one or more rotating impellers imparting centrifugal force

to compress the refrigerant, similar to the action of a household fan (17:61).

*Screw compressors are positive displacement machines with com-

pression resulting from the meshing action of grooved, precision-machined

lobes on male and female rotors (17:61-62).

Building air conditioning loads vary with the time of day and

season of the year. Chillers meet this varying load by adjusting the

capacity of the compressor rather than functioning in an on-off fashion.

Electrically powered chillers would appear to be ideal candidates for on-

off operation in a load-shedding environment where an organization is

attempting to share peak loads. Although cycling the chiller off for

short periods will not result in a significant rise in the conditioned

space temperature, there are some drawbacks to this type of operation:

1. Large horsepower motors are designed to handle a certain maximum

frequency of starts within a given time period.

2. Once cycled off, the motor must have sufficient time to dis-

sipate built-up heat before it is restarted. Starting current in large

motors is typically about 200 percent of operating current and the heat

from the starting current in addition to the motor's residual heat will

harm the winding insulation, shortening motor life.

3. Large air conditioning systems generally have some type of

Internal electrical timing control to prevent too-frequent cycling, perhaps

enforcing a minimum off-time of 30 minutes (18:16).
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The means used to vary the capacity of the compressor depends on

the type of equipment. The most common means of capacity control in

reciprocating chillers is to unload one on more cylinders, to bypass a

proportion of the evaporator vapor within the compressor, or vapor by-

passing external to the compressor (3:12.10). Centrifugal chillers adjust

compressor capacity through variable inlet guide vanes placed in front of

the impeller. Varying the angle of the guide vanes causes pre-rotation of

the entering gas and subsequently produces less compression (1:13). Screw

compressors incorporate a movable sliding valve. Opening of the valve

produces a gap which retards the point at which compression begins (3:12.17).

Condensers

There are three types of condensers commonly used with water-

chillers: air-cooled, water-cooled, and evaporative. An air-cooled

condenser consists of a coil, casing, fan, and motor. The hot refrigerant

vapor passes through the coils and is cooled and condensed by means of

ambiant air blown over the coils by the fan. Heat is rejected directly

to the air by sensible heat transfer (8:55-57).

A water-cooled condenser consists of heat transfer tubes mounted

inside a steel cylindrical shell. Hot refrigerant vapor enters the shell

and is cooled by water passing through the tubes. The condensed refrigerant

then flows to the evaporator. Source of cooling water can be a lake, river,

or well, but is most typically exhausted condenser water recycled through a

cooling tower. Heat transfer in water cooled condensers is sensible cooling

from the water, heat transfer in a cooling tower is sensible and latent

cooling by air (8:55-57).
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An evaporative condenser consists of a condensing coil, fan and

motor, water distribution system, recirculating pump, and casing. Hot

refrigerant vapor enters the coils and heat transfer occurs to the water

which is diffused over the coil surface. The heat is then transferred to

air passing over the coils. Evaporative condensers use a combination of

latent and sensible heat transfer (8:60). -

The following general statements can be made concerning con-

densers:

Water-Cooled Condensers

1. Occupy the least amount of space except when a cooling
tower is used.

2. Require a cooling tower or an inexpensive source of water.
3. Located indoors, with cooling tower outdoors.
4. Require water treatment when used with cooling tower.
5. Require pump and water piping large enough to handle total

water flow.
6. Unit size range from small to very large.
7. High maintenance when cooling tower included.

Air-Cooled Condensers

1. Require no water and, therefore, normally have no problems
of freezing, scaling, or corrosion. In industrial atmosphere,
corrosion may become a problem.

2. Higher peak power requirement per ton than an evaporative
condenser or water-cooled condenser.

3. Lowest installation and maintenance cost.
4. Usually located outdoors.
5. No water piping or pump required.
6. Capacities over 125 tons generally require multiple units.
7. Longer refrigerant lines required.
8. Possible problem if required to operate at low outdoor

temperature.
9. Minimum maintenance.

Evaporative Condensers

1. Require much less circulating water than water condenser
with cooling tower, therefore, uses a smaller water pump, and
water lines of smaller size and shorter runs.
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2. Usually require less space than air-cooled condensers, or
a water-cooled condenser with cooling tower.

3. May be located indoors.
4. Require water treatment.
5. Large sizer available.
6. Medium maintenance [23:175-176].

Power requirements of a water chiller are a function of the per-

cent of design load, leaving chilled water temperature, and ambiant air

or cooling-water temperature. While reduction in load produces the greatest

reduction in power, significant power savings are possible with reduced

ambient air or cooling water temperatures through more efficient condenser

operation (17:64). With lower outside air temperatures, air cooled condenser

fan speeds can be reduced, or on a multiple fan unit, one or more fans can

be shut off while maintaining the rated cooling capacity of the unit (3:16.13).

With a water cooled condenser and cooling tower, lower outside air temp-

eratures will lower the temperature of condenser water returning from the

cooling tower. The cooler condenser water reduces pressure in the con-

denser below design conditions and subsequently the compressor has to over-

come less head pressure. With less head pressure the compressor consumes

less power (11:64). "For example, at 100 percent load, a 10OF reduction in

cooling water temperature produces nearly 10 percent reduction in power

use [11:643." Water cooled condensers are designed for an entering water

temperature of about 850 F, however, most chillers can be operated satis-

factorily at temperatures below 60OF (11:64).

Evaporator

There are two common types of evaporators (also called coolers) used

to provide chilled water for air conditioning systems: flooded and direct

expansion. The flooded type evaporator consists of an outer shell encasing
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a bundle of tubes through wnich flows the water to be chilled. About

half to three-fourths of the tube bundle is immersed in liquid refrigerant,

which boils because of the heat received from the water being cooled (23:159).

In the direct expansion evaporators, also of the shell-and-tube type, liquid

refrigerant boils and evaporates inside the tubes while water is circulated

over the tube bundle (23:161). The direct expansion type evaporator has the

advantage of a smaller pressure drop in the chilled water circuit and a

smaller charge of refrigerant (23:161). "Flooded evaporators are usually

installed on centrifugal packages, and direct expansion coolers are normally

selected for reciprocating machines; screw chillers use both types C17:63-643."

Chilled-Water Flow

Chillers are typically designed to deliver chilled-water to air

handlers at 450F and have the water return from the chillers at 550 F under

full load conditions. Flow of water through evaporators is recommended to

be held constant by manufacturers independent of load on the chiller (24:1).

Varying chilled-water flow does not affect operation of air handlers but

constant flow is recommended for chillers for the following reasons:

1. Constant water flow aids in reliable heat transfer in the

evaporator. Under conditions of low water flow, refrigerant temperatures

fall below the freezing point of water and damage may occur from freezing

of the evaporator tubes (24:1).

2. Without constant chilled water flow, the return water temp-

erature is not an indicator of load (24:4).
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Chilled-Water Storage System

The concepts involved in chilled-water storage are both simple

and straightforward. A schematic diagram of a chilled-water storage system

is shown in Figure 3. The system consists of a chiller, storage tank, and

circulating pumps.

Chilled-water storage systems can be operated in one of two ways.

The chiller can be used to charge the storage tank at night during periods

of small or no cooling loads and then shut down. Storage tanks are then

used to meet cooling loads occurring after the chiller is shut down. In

this case, air handlers are equipped with two-way control valves designed

to allow a set temperature drop across the air handlers. The chiller

operates at design load, filling the storage tank and diverting sufficient

chilled-water to meet any cooling loads. The circulating pumps supplying

chilled-water to the air handlers are variable volume pumps supplying only

enough water to meet the load with a set temperature drop in the chilled

water (22:1-2).

The second case involves continuous or near continuous operation

of the chiller. The chiller, in this case, is sized smaller than one

needed to meet peak cooling loads. The chiller is run at night to fill

the storage tank and also meet any occurring cooling loads. As the cooling

loads increase, more of the chilled-water is directed to air handlers until

the cooling load matches the chiller size. When cooling loads exceed the

capacity of the chiller, chilled-water from the storage tank is then pumped
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to the air handlers in addition to chilled-water coming from the chiller.

In this case, as in the previous case, the circulating pump supplying

chilled-water to air handlers are variable pumps supplying only enough

water to meet cooling loads with a set temperature drop in the chilled

water (22:1-2). Systems can be designed with more than one chiller in

the circuit as shown in Figure 4.
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CHAPTER IV

CURRENT CHILLED-WATER STORAGE SYSTEMS
AND ECONOMIC ANALYSIS

Current Chilled-Water Storage Systems

The current methods for storing chilled-water for air conditioning

applications are examined by considering the materials used in construction

of storage tanks and methods used in preventing blending of water within

the tanks.

Construction Materials

Chilled-water storage tanks have been constructed of steel, con-

crete, gunite, and styrofoam. Steel tanks can be prefabricated or con-

structed on site. The largest steel tank which can be prefabricated off-

site is 30,000 gallons and costs are about 50¢/gal (21:69). If the tank

must be reinforced to accept the static head of a system, costs escalate

to above $1.00/gal (21:69).

Because of the high cost of steel, it is more practical to use

concrete tanks. Tanks in the 100,000 to 500,000 gal category have been

installed for as little as 20t/gal (21:69). Concrete storage tanks can

be placed on top of buildings to save on transfer pumping energy. Roof

top installations incur a structural penalty of about 4t/gal plus 1/4€/gal

per story of building height (21:69).
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Gunite walls with posttensioning bands to avoid cracks can be used

to reduce weight and cost of concrete tanks. "Gunite is a trademark for

a concrete mixture sprayed under pressure over steel reinforcements, as

in making swimming pools [14:623]." Gunite tanks may be fabricated for as

little as 15t/gal in 50,000 to 100,000 sizes (21:69).

Storage tanks are also being fabricated using four inch thick

styrofoam sheets with metal band reinforcement and coated fabric liners.

The cost of styrofoam tanks is similar to that for the gunite tanks (21:69).

The material used in the construction of a chilled-water storage

tank for any particular Installation will depend on such factors as size,

difficulty of excavation, and the design practices of the consultant. In

any application, the economics of using a particular construction material

should be considered.

Anti-Blending Methods

The effective operation of a chilled-water system with storage requires

a means of separating the chilled-water from its warmer return water. When

warmer return water enters the storage tank, it is useless if it returns to

the system before being processed through the chiller. Hot-water storage

tanks rely on stratification of water within the tanks to separate the hot

and cooler water. This is possible because of the buoyancy characteristic

of water in the hot water temperature ranges. But as Figure 5 reveals, the

buoyancy characteristic of water over the chilled-water range differ so little

that buoyancy is a poor means of preventing blending of water in a chilled-

water storage tank (21:65-66).
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One method of hindering blending in a chiller-water tank is use of

fixed baffles. Layout of the tank is shown in Figure 6. The fixed baffles

are arranged in the form of weirs (dams) which promote a "piston flow"

between the compartments. For instance, chilled-water enters the storage

tank in Figure 6 on the right and follows a flow pattern shown by the dot-

ted line. As the chilled-water enters a compartment, an interface is

formed between the 45°F water and the 550 F water. The interface moves up

the compartment during the filling process; thus the "piston flow". As

the interface approaches the top of the compartment, the 450F water begins

to pour over into the next compartment before the preceding compartment is

completely empty. The 550 F water remaining in the compartment blends with

450F water in the shaded area shown in Figure 6. Chilled-water is dis-

charged from the storage tank by reversing the flow pattern through the

tank. Tests on a single pass through a fixed baffle system showed about

85 percent of the tank volume remained unblended (21:67). Concern with

this concept lies in a tendency for the blended portion to increase with

each reversal of flow. Testing has shown the blended volume is variable,

depending on rate of flow and the resultant head of water between segments

(21:67). The fixed baffle method has been used in Japan where construction

of the storage tanks is subsidized by the need for earthquake protection.

Japanese buildings use earthquake reinforcement in the form of intersecting

shear walls at the basement level. Little modification is needed to form

a container for water storage (21:66-6,).

A second method of hindering blending is the empty tank concept.

With this method, water flow in a compartment only occurs in one direction

at any one time. Layout of the tank is shown in Figure 7. In this method

there is a tradeoff between cost of partitions in the tanks and cost of the
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volume for the spare tank. "Rough cost analysis seems to indicate that

the lowest enclosure cost, including the partitions and shell, will result

from a tank which contains from six to nine compartments [21:67]."

Automation of the compartment isolation and manifold valves would be

essential with an empty tank system. Otherwise, an operator would be

required on constant duty to regulate the flow between compartments. The

designers of a $45 million, 21-story building in Los Angeles have halved

the.size of its air conditioning plant by adding a 640,000 gallon chilled-

water storage tank. The storage tank is constructed of reinforced concrete,

plastic lined, and is buried beneath the lowest level of a four story

underground garage. The empty tank concept is used with the storage tank

divided into eight compartments. A computer based control system is used

to start and stop the chiller, and to determine how much chilled-water to

prepare for the next day (10:17).

A third method of hindering blending is the moving partition con-

cept. A schematic of the moving partition system is shown in Figure 8.

The moving partition is constructed of coated fabric and fastened at mid-

height. The membrane floats up and down to suit variable proportions of

450 F and 550F water (21:69). Screens are placed over the in-flow and out-

flow area to avoid trapping the membrane. The moving membrane methods

requires walls of the storage tank be smooth to reduce rubbing wear of the

membrane. A thin stationary plane of 50°F water forms above and below the

membrane and acts as Insulation against heat transfer (21:69). A two-

million square foot office building in Calgary, a western Canadian oil

town, was designed with cold and hot-water storage tanks, and no heating

plant. The design is based on the fact that office buildings require air
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conditioning year round since people, machines, and computers create

excess heat within the core of an office building (6:20). Winter heating

i: obtained from hot-water tanks which recycle discharge heat from the

buildings chillers. Chillers operate at night and the chilled-water is

stored in two 250,000 gallon tanks. The storage tanks are equipped with

a moving membrane system to prevent mixing of incoming and stored water (6:21).

Relative costs of the various anti-blending methods are contained

in Table 1. The costs are based on a storage volume of 300,000 gal and

water depth of 12 ft (21:70).

Economic Analysis

The economics of a chilled-water air conditioning system with

off-peak storage were analyzed by performing a total life-cycle cost (TLCC)

analysis on each air conditioning alternative. Guidelines in Life-Cycle

Costing Manual for the Federal Energy Management Programs were used for

the TLCC analysis.

This manual amplifies the methodology and procedures for life-
cycle cost analysis established by the Department of Ene.-gy (DoE)
in Subpart A of Part 436 of Title 10 of the Code of Federal Reg-
ulations (10 CFR Part 436), which is entitled "Federal Energy
Management and Planning Programs" (FEMP). It incorporates pro-
posed changes in the methodology and procedures made in response
to recent amendments to the law. It is intended as an aid to
implementing life-cycle cost evaluations of potential energy con-
servation and renewable energy investments in existing and new
federally owned and leased buildings as required by Section 381
(a) (2) of the Energy Policy and Conservation Act (EPCA), as amended,
42 U.S.C. 6361 (a) (2); by Section 10 of Executive Order 11912,
as amended by Executive Order 120003 (Executive Order); and Title V
of the National Energy Conservation Policy Act (NECPA), 92 Stat. 3275,
as amended by Section 405 of the Energy Security Act, 94 Stat. 611
[19:111].
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TABLE 2

RELATIVE COST FOR VARIOUS ANTI-BLENDING SOLUTIONS (CUS GALLON)

Type Anti-blending

Fixed Empty Moving
Item Baffles Tank Baffle

Storage Tank 30 30 30
Basic Piping 4 8 4
Stationary Baffles 8 - -
Nozzles and Pipe

Headers - -
Empty Tank (1.5

Cjpartments) 8 -
Extra Partitions 6 -
Space for Empty This may be inconsequential, but where

Tanks or space is at a premium it may be the most
Oversizing significant cost of all.

Deeper Excavation
or NPSH Pump 2 -

Moving Baffle - 6
Screens, Wells,

Lights, etc. - - 6
Control & Instrumentation:

Basic 3 5 3
Extra Valves and

Processor - 5 -
Extra Tank Volume

to Compensate
for Blending 10 2

TOTAL 55 66 49

SOURCE: ASHRAE Journal, January 1980
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The TLCC analysis takes into account costs of different air con-

ditioning equipment, minor and major overhaul costs, storage tank capital

costs, utility costs, and salvage and resale costs. Costs of air handler

and air distribution equipment are not included since this equipment is

common to each alternative. Energy costs are included only for the four

months (June-September) summer period. Energy costs for the other months

are identical to each alternative and do not affect the comparison of

alternatives. Costs occurring in future years are compared to current

costs by adjusting future costs for opportunity costs.

Key Elements of the TLCC Analysis on

Buildings 20040 and 20050

The key elements included in the analysis are:

1. Life cycle cost evaluations account for investment costs,

nonfuel periodic maintenance costs, and energy costs. Investment costs

and nonfuel periodic maintenance costs are summarized in Table 3.

2. Time-of-use energy costs are approximated based on information

contained in a Dayton Power and Light Company rate proposed for time-of-

use rates. A Facilities Charge of $0.53 per KW of on-peak or off-peak

demand is assessed to the maximum hourly demand recorded during any of

the previous twelve months. A Demand Charge of $5.09 per Kw is assessed

for all kilowatts of billing demand per month. An Energy Charge of $0.0125

per KWH on-peak and $0.002 per KWH off-peak is assessed for all kilowatt-

hours consumed per month.

3. The Uniform Present Worth Formula Modified (UPW*) for DOE region

5, which includes Minnes:ta, Wisconsin, Michigan, Illinois, Indiana, and

Ohio, was used for discounting future costs of energy. Value of UPW* is

11.95 (19:130).
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4. The air conditioning equipment is assumed to have a twenty-

five year service life with a zero salvage value.

5. All future dollar amounts are estimated in constant mid-1980

dollars. A discount rate of 7 percent is used to adjust costs to mid-1980

dollars.

6. The study period for the alternatives will be twenty-five

years.

7. Initial investment costs are reduced to 90 percent of cost

to adjust for social benefits of saving nonrenewable energy (19:2).

8. Storage tank investment costs are summarized in Table 4 and

are based on a cost of $0.49 per gallon of storage and determined as

follows:

I.C. - Storage size (BTU) X Specific Heat of Water

Xl gal
8.33 lb of water X 1 x

T of Chilled #20

$.49
gal

TABLE 3

CHILLER INVESTMENT AND NONFUEL PERIODIC MAINTENANCE COSTS (15)

Cs) Investment () Major () Minor
Chiller Size Cost Overhaul (9yr) Overhaul (3yr)

20 Ton 10,000 2,000 250
40 Ton 18,000 3,500 300
60 Ton 22,000 5,000 350

120 Ton 40,000 7,800 500
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TABLE 4

STORAGE TANK INVESTMENT COSTS

Storage Tank Size Storage Tank Size Investment Costs

(KBTU) (US GALS) (DOLLARS)

4000 40016 19600
6000 60024 29400
11000 110044 53140
17000 170068 83660

The cost time relationship for Buildings 20040 and 20050 are

shown in Figures 9 and 10. On the cost-time lines, costs occurring

during a given year are assumed to occur all at the end of a year. The

economic evaluation is accomplished using TLCC by summing:

(a) The present value of investment costs minus salvage
value.

(b) The present value of future nonfuel operations and
maintenance costs.

(c) The present value of replacement costs.
(d) The present value of energy costs for each alternative

design [19:833.

The TLCC of Buildings 20040 and 20050 was calculated as follows:

(a) Present value of investment is calculated by taking 90 per-

cent of cost of the reciprocating chiller and storage tank minus salvage

value of zero.

(b) Present value of future nonfuel operations and maintenance

is calculated by multiplying major and minor maintenance costs by Single

Present Worth formula for the corresponding years.
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(c) Present Value of replacement value is equal to zero because

equipment life and study life are equal.

(d) Present Value energy costs are calculated by multiplying

total energy costs from Tables 5-10, by the Modified Uniform Present

Worth Formula. The values for peak demand, billing demand and KWH con-

sumption are taken from Time-of-Use Electrical Usage Reports in Appendicies

C and 0.

Results of the analysis are summarized in Table 11 and show the

base case option, no chilled-water storage, to be the most economical.
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Adjusted Economic Analysis

The TLCC analysis presented so far deals with Buildings 20040

and 20050 as individual entities. That is, Building 20040 or 20050 is

the only contributor to the electric utility bill. An adjusted economic

analysis is now presented showing the effect of grouping buildings to-

gether for utility billing purposes.

Electric utility billing can be based on consumption from a

number of buildings serviced by a single electric meter; such a case is

common within the Department of Defense. In this case, the facility

charges and demand charges are based on the peak demand through the

electric meter, not for a particular building.

Adjustments to the TLCC analysis are made assuming Building 20040

or 20050 is grouped together with other buildings for electric billing

based on the occurence of peak loads. The adjusted analysis assumes an-

other building serviced by the same electric meter as Building 20040 or

20050 has a peak electric demand during the on-peak period. The peak

demand from the other building is an order of magnitude higher than that

of Building 20040 or 20050. And, the on-peak demand from the other

building occurs at the same time as the on-peak, peak demand for each

option of Building 20040 and 20050.

The peak demand for the base case and alternative two for Buildings

20040 and 20050 occur during the on-peak period. Therefore, the peak demand

will contribute directly to the facility charges and demand charges for

the grouping of buildings.
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The peak demand for alternative one, running the chiller at night

only, occurs during the off-peak period. Therefore, the peak demand does

not contribute to the facility charges and demand charges for the grouping

of buildings. The contribution to the facility charges and demand charges

are based on the peak demand during the on-peak period. The TLCC's for

alternative one for buildings 20040 and 20050 are adjusted for the facility

charges and demand charges based on the on-peak period peak demand. The

adjusted energy costs are shown in Tables 12 and 13 and the adjusted TLCC's

are shown in Table 14. The base case option, no chilled-water storage,

remains the most economical; however, the economics of alternative one are

improved.

Sensitivity Analysis

Finally, the sensitivity of the TLCC analysis to changes in storage

tank construction costs should be examined. The storage tank investment

costs used in the TLCC analysis are calculated using a cost of 49¢/gal.

The investment cost of 49t/gal in Table 1 is based on a 300,000 gallon con-

crete tank with a moving baffle anti-blending system. The investment costs

includes costs of tank construction, anti-blending system, piping, and

control and instrumentation.

The storage tank construction costs in Table 1 were 30C/gal. As

reported in answering Research Question One, concrete tanks can be con-

structed for as little as 20t/gal, and gunite and styrofoam tanks for as

little as 15C/gal. The storage tank investment costs are recalculated at

39t and 34t per gallon (construction costs of 20t and 15t per gallon,

respectively) and the TLCC's are adjusted for the recalculations. Results
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of the sensitivity analysis are summarized in Table 15. Alternative two,

the small chiller supplemented with stored chilled-water, has the minimum

TLCC for building 20040 with storage tank investment costs of 394 and

34t per gallon. The base case remains the most economical for building

20050.
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TABLE 15

SUMMARY OF SENSITIVITY ANALYSIS ON TLCC'S (DOLLARS)

STORAGE TANK INVESTMENT COST

49€/US GAL 39€/US GAL 34€/US GAL

Building 20040
Base Case 0 0 0
Alt 1 29,400 23,400 20,400
Alt 2 19,600 15,600 13,600

Adjusted Alt 1 29,400 23,400 20,400

Building 20050
Base Case 0 0 0
Alt 1 83,660 66,590 58,050
Alt 2 53,140 42,300 36,870

Adjusted Alt 1 83,660 66,590 58,050

TLCC'S BASED ON STORAGE TANK I.C.

49t/US GAL 39t/US GAL 34€/US GAL

Building 20040
Base Case 58,900 58,900 58.900
Alt 1 80,598 75,198 72,498
Alt 2 61,340 57,740 55,940

Adjusted Alt 1 70,850 65,450 62,750

Building 20050
Base Case 148,779 148,779 148,779
Alt 1 214,938 199,575 191,889
Alt 2 164,333 154,577 149,690

Adjusted Alt 1 190,944 175,581 167,895
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

Research Question One. The current methods for storing chilled-

water were described in terms of construction materials and anti-blending

systems. Storage tank construction materials were evaluated by comparing

material costs. Materials available for use in constructing storage tanks

included steel, concrete, gunite, and styrofoam. The steel tank costs are

50€/gal as compared to 20€/gal for concrete and 15€/gal for gunite and

styrofoam.

The effective operation of a chilled-water air conditioning system

with storage requires a means of preventing blending of the chilled-water

and warmer return water. Current anti-blending methods can be classified

as fixed baffle, empty tank, or moving partition. The anti-blending

systems were evaluated by comparing the effectiveness of the anti-blending

system and costs. The fixed baffle method uses weirs (dams) to separate

compartments in the tanks. The fixed baffle system does not physically

separate the chilled and return water and is only partially effective in

preventing blending. The empty tank method uses an empty compartment in

the storage tank as a buffer between the chilled and return water. Main-

taining the empty compartment buffer requires automation of the compartment
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isolation and manifold valves. Prevention of blending relies on the

effective operation of the automated control system. The moving partition

method uses a floating membrane attached to the side of the storage tank

to prevent blending. The membrane moves up and down automatically as the

volume of chilled and return water changes and maintains a physical barrier

between the chilled and return water.

Resolution of Research Question One. Currently, a gunite or styro-

foam storage tank with a moving partition anti-blending system is the most

desirable method for storing chilled-water. Gunite and styrofoam have the

least expensive construction costs. The moving partition maintains a

physical barrier between the chilled and return water without depending

on an automated control system and has the least cost per gallon.

Research Question Two. The economics of producing chilled-water

during off-peak periods with a time-of-use utility rate schedule were

investigated using minimum total life-cycle cost (TLCC) as a criteria.

The procedures used in the TLCC analysis were established by DOE. The

analysis included computer simulation of two different sized buildings

at Wright-Patterson AFB to gather electrical consumption data. The

building simulations included three options: (1) a base case with no

chilled-water storage; (2)- alternative one, producing all chilled-water

during off-peak periods; and (3) alternative two, supplementing a smaller

chiller with chilled-water produced at night. The buildings simulated

were 20040 and 20050.
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The TLCC included investment costs, maintenance costs, and energy

costs derived from the electrical consumption data. At first, the buildings

were analyzed as individual entities, treating the buildings as the only

determinants of the electric utility bill. Then, the buildings were treated

as one of a group of buildings and the TLCC's were adjusted for savings on

electrical demand charges. Finally, a sensitivity analysis was performed

to investigate the influence of using different storage tank materials with

differing investment costs.

The base case, no chilled-water storage, has the minimum TLCC for

both buildings when the buildings are treated as individual entities with

concrete storage tanks. Investment costs of both of these concrete tanks

was set at 49g/gal. Alternatives one and two have smaller energy costs

than those of the base case, but these savings are insufficient to amortize

the added investment costs of the storage tanks. The TLCC's of alternative

two came closer to those of the base case. The installation of a smaller

chiller reduced chiller investment costs, storage tank investment costs,

and peak electrical demand charges for the buildings compared to alternative

one.

The base case also has the minimum TLCC when buildings 20040 and

20050 were treated as one of a group of buildings and concrete storage

tank investment costs were 49€/gal. The electrical peak demand charges

are reduced for alternative one, operating the chiller only at night,

because the peak electrical demand of the chiller is exceeded by the

larger daytime peak demand of the other buildings. However, operating

the smaller chiller with supplemental chilled water is still more economical

than operating a considerably larger chiller only at night.
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A sensitivity analysis was performed for the range of storage

tank construction costs found in current literature. The original TLCC's

were recalculated to reflect use of concrete storage tanks with investment

costs of 39€/gal and gunite or styrofoam tanks with investment costs of

34€/gal. With storage tank construction costs of 39t and 34t per gal,

alternative two for building 20040, the smaller building, was the most

economical, while the base case for building 20050 remained the most

economical.

Resolutions of Research Question Two. The economics of chilled-

water storage for air conditioning applications with time-of-use electrical

rates based on a TLCC analysis is sensitive to storage tank investment

costs and size of the air conditioning load. Alternative two for building

20040 has the minimum TLCC when storage tank investment costs are reduced

to 39€/gal. The economics of alternative two for building 20050 will

become the most economical if storage tank investment costs are reduced

slightly below 34€/gal. The decision whether or not to install chilled-

water storage will, therefore, greatly depend on the ability to minimize

initial investment costs.

Recommendations for Further Research

Based on the minimal information available on chilled-water storage

and the results of the economic analysis performed in this thesis, several

recommendations are made for further research.

Buildings with chilled-water storage applications found in the

literature were all under construction or due to be completed in the 1980-

1981 time frame, the time period of this research. These projects can be
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used as sources of information on investment, operation and maintenance

costs of the storage systems in future research.

The economic analysis considered only the utility rate schedule

for Dayton Power and Light. Information on the structure of other utility

rate schedules in effect in other areas of the country could be obtained

and applied to the electrical consumption data from this simulation.

Finally, additional simulations need to be performed to verify

the electrical consumption data provided by the BLAST algorithm used in

this research.
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APPENDIX A

BLAST INPUT LISTING FOR
BUILDING 20040
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APPENDIX E

UNSTEADY-STATE HEAT GAIN BY
COLD STORAGE TANKS
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The purpose of this appendix is to examine the amount of temp-

erature rise in a chilled-water storage tank. The equations and cal-

culations in the appendix are based on an article by J. D. Paciotti in

the June 2, 1980 edition of Chemical Engineering. The article was titled

"Unsteady State Heat Loss from Storage Tanks," and was intended as a

decision aid in determining the amount of heating or insulation needed

for storage tanks (20:104).

The unsteady state heat flow balance for a storage tank, assuming

that U0 and CPO are constant over the temperature range in question, can

be represented as:
(1)

mCp0 T/t+ t - mCpo T/t = 0-UoAo (T-Ta)AT

where:

Ta = temperature of outside air, OF

To = tank fluid temperature at time 0, OF

T = tank fluid temperature at time t, OF

Uo  = overall heat-transfer coefficient based on TO, BTU/ft
2 Hr OF

A0  = tank surface area upon which Uo is based, ft
2

m = mass of the fluid in the tank, lb

C = heat capacity of the fluid at To , BTU/lb OF

Energy accumulation in time t = energy in - energy out

Letting At-o0, and rearranging, eq (1)

becomes
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m Cnn dT - dt (2)
Uo Ao T-Ta

Integrating equation two yields:

T

-M coo dT / dt (3)
Uo Ao J T-Ta

the result is the time/temperature relationship

for a storage tank:

-m C Inn T-Ta = t (4)
U0 A0  ,T T (j

taking the inverse logn of equation 4 and rearranging

terms yields:

T = (To-Ta)e +Ta

The storage tanks for the simulations on Building 20040 and 20050

are assumed to be insulated cylindrical tanks constructed of concrete with

an R = 20. The tanks have an aspect ratio (height/diameter) of two and

are buried below the ground. Ground temperatures represent Ta. The

cooling capacity of the tanks are based on entering chilled water temp-

erature of 440F and return water temperature from air-handlers of 560F.

A conversion value of 62.42 pounds of water at 60OF/cubic foot was

used to calculate the relationships between cooling capacity, volume, and

tank area as follows:
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Q - m Cpo AT

Cpo AT

Volume of the cylinder with aspect ratio of two is calculated:

h = 2 therefore

h - 4r

V = 4rr 3

r x / i

r = 3 m/62.42
41r

Area of the cylinder is calculated using:

A = 10 7r r 2

Table 16 is developed using the equations and values presented

above and the cooling capacities required by the simulations. The value

of (T) is calculated assuming a value of t = 12 hours.
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TABLE 16

THERMODYNAMIC VALUES FOR SIMULATED STORAGE TANKS

Building 20040 Building 20050

Alt I Alt 2 Alt 1 Alt 2

Cooling capacity (KBTU's) 6000 4000 10000 6500

Ta (Ground temp) (OF) 63 63 63 63

To (OF) 44 44 44 44

Uo (BTU/Ft2HrOF) .05 .05 .05 .05

T (OF) 44.053 44.060 44.045 44.052

A0 (Ft
2) 2326.77 1775.64 3271.08 2454.46

m (lb) 500,000 333,333 833,333 541,667

CPO (BTU/IbOF) 1.0 1.0 1.0 1.0
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